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ABSTRACT 
The granular model at micromagnetic level based on Landau-Liftshitz-Gilbert (LLG) 
equation is proposed to investigate the fundamentally magnetic properties in exchange-biased 
bilayer system comprised of ferromagnetic (FM) and antiferromagnetic (AF) layers which are 
the main components of hard disk drive. The proposed model can be used to generate the 
realistic microstructure, including the distribution of grain size as well as the easy axis 
misorientation in AF layer. Moreover, the intragranular and interlayer exchange interactions are 
also included into the model for realistic calculation. The results showed that the vital factors 
such as the calculation time for hysteresis calculation, the magnetic grain size, and the exchange 
interlayer field significantly affected the exchange bias field, and all calculations gave good 
agreement with the other experimental works on exchange bias as well. In addition, we found 
that the effect of easy axis misorientation gave rise to the reduction of exchange bias field over 
60 percentages at the dispersion angle of 30 degrees. This is due to the fact that the dispersion 
of easy axis in AF layer causes the decrease of net AF magnetization used to pin the direction 
of FM layer. In conclusion, the easy axis misorientation in AF layer is the one of crucial factors 
affecting on the exchange bias phenomenon of read element in hard disk drive. 
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∫∑π”
‡∑§‚π‚≈¬’°“√∫—π∑÷°¢âÕ¡Ÿ≈ (data storage technologies) ‡¢â“¡“¡’∫∑∫“∑ ”§—≠„π™’«‘μª√–®”
«—π¢Õß¡πÿ…¬å‡ªìπÕ¬à“ß¡“°‚¥¬‡©æ“–Õ¬à“ß¬‘ËßÕÿª°√≥åŒ“√å¥¥‘ °å‰¥√åø (hard disk drive) ÷´Ëß∂Ÿ°π”¡“‡ªìπ
Õÿª°√≥å∑’Ë∑”Àπâ“∑’Ë‡°Á∫¢âÕ¡Ÿ≈ ”À√—∫§Õ¡æ‘«‡μÕ√å  àßº≈„ÀâÕÿª°√≥å™π‘¥π’È‰¥â√—∫°“√ÕÕ°·∫∫·≈–æ—≤π“¡“
Õ¬à“ßμàÕ‡π◊ËÕßπ—∫μ—Èß·μà¡’°“√π”¡“ª√–¬ÿ°μå„™âß“π ‡∑§‚π‚≈¬’Œ“√å¥¥‘ °å‰¥√åø∂Ÿ°»÷°…“·≈–æ—≤π“‡æ◊ËÕ‡æ‘Ë¡
§«“¡ “¡“√∂„π°“√∫—π∑÷°¢âÕ¡Ÿ≈¢Õß®“π·¡à‡À≈Á°À√◊Õ·ºàπ∫—π∑÷°¢âÕ¡Ÿ≈ (magnetic recording media)
‚¥¬°“√‡æ‘Ë¡æ◊Èπ∑’Ë§«“¡®ÿ¢âÕ¡Ÿ≈ (areal density) „Àâ¡’§à“¡“°°«à“ 1 ‡∑√–∫‘μ åμàÕμ“√“ßπ‘È« (Tbits/in2) [1-2]
μ“¡§«“¡μâÕß°“√„™âß“π∑’Ë‡æ‘Ë¡ Ÿß¢÷Èπ¿“¬„μâ‡ß◊ËÕπ‰¢∑’ËμâÕß°“√≈¥¢π“¥¢Õß‡°√π«— ¥ÿ·¡à‡À≈Á°„π·ºàπ∫—π∑÷°
¢âÕ¡Ÿ≈·≈–‡æ‘Ë¡§à“§«“¡‡ ∂’¬√∑“ß§«“¡√âÕπ √«¡‰ª∂÷ß°“√æ—≤π“Õß§åª√–°Õ∫Õ◊Ëπ ‡™àπ À—«‡¢’¬π ·≈–
À—«Õà“π¢âÕ¡Ÿ≈„Àâ¡’ª√– ‘∑∏‘¿“æ°“√∑”ß“π∑’Ë Ÿß¢÷Èπ„π‡«≈“‡¥’¬«°—π ¥—ßπ—Èπ°“√ÕÕ°·∫∫≈—°…≥–‚§√ß √â“ß
·ºàπ∫—π∑÷°¢âÕ¡Ÿ≈√Ÿª·∫∫„À¡à‚¥¬°“√≈¥¢π“¥¢Õß‡°√π·¡à‡À≈Á°´÷Ëß„πªí®®ÿ∫—π‰¥â¡’°“√≈¥¢π“¥¢Õß‡°√π‰¥â
πâÕ¬°«à“ 7 π“‚π‡¡μ√ (nm) [3-4] ·≈–°“√æ—≤π“‚§√ß √â“ßÀ—«Õà“π¢âÕ¡Ÿ≈ (read sensor) À√◊Õ‚§√ß √â“ß
 ªîπ«“≈å« (spin-valve geometry) ∑’Ëª√–°Õ∫¥â«¬«— ¥ÿ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘° Õß™—Èπ·∫àßÕÕ°‡ªìπ™—Èπæ‘π
(pinned layer, PL) ·≈–™—ÈπÕ‘ √– (free layer, FL) μ“¡≈”¥—∫ ‚¥¬™—Èπ∑—Èß Õß®–∂Ÿ°§—Ëπ°≈“ß¥â«¬«— ¥ÿ∑’Ë
‰¡à¡’§ÿ≥ ¡∫—μ‘·¡à‡À≈Á° (non-magnet material) À√◊Õ‡√’¬°«à“™—Èπ«à“ß (spacer layer, SL) ‡æ◊ËÕ„Àâ “¡“√∂
μ√«®«—¥§à“μâ“π∑“π∑“ß‰øøÑ“ (electrical resistance) ‰¥â ‚¥¬Õ“»—¬ª√“°Ø°“√≥å§à“μâ“π∑“π‡™‘ß·¡à‡À≈Á°




·¡à‡À≈Á° (magnetic track width) ´÷Ëß¢÷ÈπÕ¬Ÿà°—∫¢π“¥¢Õß‡°√π¿“¬„π·ºàπ∫—π∑÷°¢âÕ¡Ÿ≈ ¥—ßπ—Èπ °“√≈¥
¢π“¥¢Õß‡°√π‡æ◊ËÕ‡æ‘Ë¡§à“§«“¡®ÿ®÷ß àßº≈„Àâ¡’°“√æ—≤π“À—«Õà“π¢âÕ¡Ÿ≈∑’Ë¡’¢π“¥‡≈Á°≈ß¥â«¬ ‚¥¬„πªí®®ÿ∫—π
°“√≈¥¢π“¥§«“¡°«â“ß¢ÕßÀ—«Õà“π¢âÕ¡Ÿ≈ (reader width) ®”‡ªìπμâÕß¡’§à“πâÕ¬°«à“ 30 nm [2, 5]
‡æ◊ËÕ„Àâ “¡“√∂Õà“π¢âÕ¡Ÿ≈∑’Ë∂Ÿ°∫—π∑÷°∫π®“π·¡à‡À≈Á°·≈–§”π«≥§à“Õ—μ√“ à«π —≠≠“≥μàÕ —≠≠“≥√∫°«π
(signal-to-noise ratio, SNR) ‰¥âÕ¬à“ß·¡àπ¬” Õ¬à“ß‰√°Áμ“¡ °“√≈¥¢π“¥¢ÕßÀ—«Õà“π¢âÕ¡Ÿ≈Œ“√å¥¥‘ °å
‰¥√åøπ”‰ª Ÿàªí≠À“„π¿“§Õÿμ “À°√√¡Õ’°Àπ÷Ëßªí®®—¬∑’Ë ”§—≠§◊Õ §«“¡‡ ∂’¬√¿“æ∑“ß§«“¡√âÕπ (thermal
stability) ¢ÕßÀ—«Õà“π¢âÕ¡Ÿ≈ °“√≈¥¢π“¥¢ÕßÕÿª°√≥å¡’º≈∑”„ÀâÀ—«Õà“π¢âÕ¡Ÿ≈¢“¥‡ ∂’¬√¿“æ∑“ß§«“¡√âÕπ
‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß™—Èπæ‘π (PL) ´÷Ëß®–∑”Àπâ“∑’Ë‡ªìπ™—ÈπÕâ“ßÕ‘ß¢âÕ¡Ÿ≈„πÀ—«Õà“π  “‡Àμÿ‡π◊ËÕß¡“®“°°“√≈¥
¢π“¥¢ÕßÀ—«Õà“π∑’Ë≈¥≈ß„π√–¥—∫π“‚π‡¡μ√®– àßº≈‚¥¬μ√ßμàÕ æ≈—ßß“πÕÿª √√§ (energy barrier, ΔE)
´÷Ëß‡ªìπæ≈—ßß“π∑’Ë„™â„π°“√√—°…“∑‘»∑“ß¢Õß·¡°π‘‰∑‡´™—π„π™—Èπæ‘π´÷Ëß¡’§à“ ΔE = KuV ‚¥¬·ª√º—πμ“¡
§à“§«“¡‡ªìπ·¡à‡À≈Á°À√◊Õ§à“§ß∑’Ë·Õπ‰Õ‚´‚∑√ªï (anisotropy constant) ·≈–ª√‘¡“μ√¢Õß‡°√π„π«— ¥ÿ
·¡à‡À≈Á° ‚¥¬°“√¬÷¥∑‘»∑“ß¢Õß·¡°π‘‰∑‡´™—π„π™—Èπ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘°®–Õ“»—¬¢∫«π°“√∑’Ë‡√’¬°«à“
ª√“°Ø°“√≥å‰∫Õ— ·≈°‡ª≈’Ë¬π (exchange bias phenomenon) [6-8] ÷´Ëß‡°‘¥®“°Õ—πμ√°‘√‘¬“·≈°
‡ª≈’Ë¬π√–À«à“ß™—Èπ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘°‡™◊ËÕ¡μ‘¥°—∫™—Èπ·¡à‡À≈Á°·Õπμ‘‡øÕ√å‚√·¡°‡πμ‘°‚¥¬μ√ß ¥—ßπ—Èπ
°“√≈¥¢π“¥¢ÕßÀ—«Õà“π®– àßº≈‚¥¬μ√ßμàÕ°“√≈¥æ≈—ßß“π°’¥°—π„π™—Èπ«— ¥ÿ·¡à‡À≈Á°·Õπμ‘‡øÕ√å‚√·¡°
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‡πμ‘°∑’Ë∑”Àπâ“∑’Ë¬÷¥∑‘»∑“ß·¡°π‘‰∑‡´™—π„π™—Èπæ‘π‡™àπ‡¥’¬«°—π °“√æ‘®“√≥“§«“¡ “¡“√∂„π°“√∑πμàÕ
§«“¡√âÕπ¢Õß«— ¥ÿ·¡à‡À≈Á°®–∂Ÿ°Õ∏‘∫“¬¥â«¬§à“ —¥ à«π√–À«à“ßæ≈—ßß“π¿“¬„π«— ¥ÿμàÕ§à“æ≈—ßß“π§«“¡√âÕπ
∑’Ë°√–∑”μàÕ√–∫∫‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°μ“¡°Æ¢ÕßÕ“√å‡√‡π’¬ ›π’≈ å (Arrhenius›Neelûs law) [9]
· ¥ß¥—ß ¡°“√∑’Ë (1)
(1)
‡¡◊ËÕ  §◊Õ√–¬–‡«≈“„π°“√§≈“¬μ—«¢Õß·¡°π‘‰∑‡´™—π (relaxation time) f0 §◊Õ§«“¡∂’Ë„π°“√ —Ëπ¢Õß
·¡°π‘‰∑‡´™—π¿“¬„π√–∫∫ (attempt frequency) ÷´Ëß¡’§à“‡∑à“°—∫ 10-9 μàÕ«‘π“∑’ ·≈–æ≈—ßß“π§«“¡√âÕπ
‡©≈’Ë¬ “¡“√∂æ‘®“√≥“‰¥â®“°º≈§Ÿ≥√–À«à“ß§à“§ß∑’Ë∫ÁÕ≈∑´å¡—π (Boltzmannûs constant, kB) ·≈–§à“





≈¥¢Õß¢π“¥À—«Õà“π¢âÕ¡Ÿ≈ Õ“∑‘‡™àπ √Ÿª·∫∫®”≈ÕßÕ¬à“ßßà“¬∑’Ë∂Ÿ°‡ πÕ‚¥¬ °Õπ´“‚≈ ‡øÕ√åπ“π‡¥´·≈–§≥–
[17] ´÷Ëß„πß“π«‘®—¬π’È‰¥âÕ∏‘∫“¬∂÷ßº≈¢Õß‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°·Õπμ‘‡øÕ√å‚√·¡°‡πμ‘°·≈–°“√°√–®“¬μ—«




∑—ÈßÀ¡¥Õ¬à“ß ¡Ë”‡ ¡Õ·≈–‡ªìπ√–‡∫’¬∫ ¡’≈—°…≥–‡ªìπ‚¥‡¡π·¡à‡À≈Á°‡¥’Ë¬« (single domain) ·≈–‰¥â
≈–‡≈¬°“√æ‘®“√≥“º≈¢Õß π“¡·¡à‡À≈Á°À—°≈â“ß (demagnetizing field) ∑’Ë‡°‘¥¢÷Èπ√–À«à“ß‡°√π·μà≈–
‡°√π¿“¬„π√–∫∫ ÷´Ëß„π§«“¡‡ªìπ®√‘ß·≈â«≈—°…≥–º‘«√Õ¬μàÕ√–À«à“ß«— ¥ÿ∑—Èß Õß™—Èπ®–¡’æ◊Èπº‘«·∫∫¢√ÿ¢√–
(roughed interface) ‡π◊ËÕß®“°§«“¡‰¡à ¡∫Ÿ√≥å¢≥–ª≈Ÿ°øî≈å¡ (crystalline film growth) √«¡∂÷ß
≈—°…≥–°“√®—¥‡√’¬ßμ—«¢Õß·¡°π‘‰∑‡´™—π„π™—Èπ«— ¥ÿ·¡à‡À≈Á°·Õπμ‘‡øÕ√å‚√·¡°‡πμ‘°·μà≈–μ—«®–¡’∑‘»°“√















 ¡°“√·≈π¥Õ«å › ≈‘øμå™‘∑ å › °‘≈‡∫‘√åμ (Landau › Lifshitz › Gilbert equation of motion, LLG) ¥â«¬








®”π«π¡“°®–∂Ÿ°®”≈Õß¢÷Èπ‚¥¬Õ“»—¬‚ª√·°√¡‚«‚√πÕ¬ (Voronoi construction) ÷´Ëß™à«¬„Àâ “¡“√∂®”≈Õß
≈—°…≥–‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°∑’Ë¡’§«“¡‡ ¡◊Õπ®√‘ß °“√°”Àπ¥¢π“¥¢Õß‡°√π‡©≈’Ë¬·≈–≈—°…≥–°“√




ª√– ‘∑∏‘º≈ (effective field, Heff) ¿“¬„π√–∫∫  ”À√—∫§à“ π“¡·¡à‡À≈Á°ª√– ‘∑∏‘º≈∑’Ë°√–∑”μàÕ
·¡°π‘‰∑‡´™—π„π™—Èπ«— ¥ÿ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘°®–ª√–°Õ∫‰ª¥â«¬ª√‘¡“≥ π“¡·¡à‡À≈Á°∑’Ë‡°‘¥¢÷Èπ¿“¬„π
‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°∑—ÈßÀ¡¥ ‰¥â·°à  π“¡·Õπ‰Õ‚´‚∑√ªï (anisotropy field, Hanis)  π“¡ªØ‘ —¡æ—π∏å
·≈°‡ª≈’Ë¬π (exchange field, Hexch)  π“¡·¡à‡À≈Á°À—°≈â“ßÀ√◊Õ π“¡‡À≈Á°§Ÿà¢—È« (dipolar field, Hexch)
πÕ°®“°π’È¬—ßª√–°Õ∫¥â«¬ π“¡·¡à‡À≈Á°∑’Ë‡°‘¥®“°ªí®®—¬¿“¬πÕ°‰¥â·°à  π“¡·¡à‡À≈Á°¿“¬πÕ° (applied field,
Happ) ·≈– π“¡§«“¡√âÕπ (thermal field, Hth) ´÷Ëß§à“ π“¡·¡à‡À≈Á°·μà≈–™π‘¥ “¡“√∂æ‘®“√≥“‰¥â¥—ßπ’È
 ”À√—∫ π“¡·¡à‡À≈Á°ª√–‡¿∑·√°§◊Õ §à“ π“¡·Õπ‰Õ‚´∑√Õªï ‡ªìπ§à“ π“¡·¡à‡À≈Á°∑’Ë¡’§à“¢÷Èπ
Õ¬Ÿà°—∫∑‘»∑“ß·°πßà“¬¢Õß·¡°π‘‰∑‡´™—π (easy axis, ) ´÷Ëß‡ªìπμ—«°”Àπ¥≈—°…≥–°“√‡ª≈’Ë¬π·ª≈ß¢Õß
§ÿ≥ ¡∫—μ‘¿“¬„π«— ¥ÿ·¡à‡À≈Á°‚¥¬„π·∫∫®”≈Õßπ’È‰¥â¡’°“√æ‘®“√≥“°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬ μ“¡
√Ÿª·∫∫¢Õßøíß°å™—π°“√°√–®“¬μ—«·∫∫‡°“ å‡´’¬π (Gaussian distribution function)  ”À√—∫§à“ π“¡
·Õπ‰Õ‚´‚∑√ªï∑’Ë∂Ÿ°æ‘®“√≥“‡æ◊ËÕ„™â„π√Ÿª·∫∫®”≈Õß„π√–¥—∫®ÿ≈¿“§·∫∫¡“μ√∞“π ¡’√Ÿª·∫∫¥—ßπ’È
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(2)
‡¡◊ËÕ K §◊Õ §à“§ß∑’Ë·Õπ‰Õ‚´‚∑√ªï¢Õß«— ¥ÿ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘° Ms §◊Õ §à“·¡°π‘‰∑‡´™—πÕ‘Ë¡μ—«
(saturation magnetization) ¢Õß«— ¥ÿ·¡à‡À≈Á°  ·∑π‡«°‡μÕ√åÀπ÷ËßÀπà«¬ (unit vector) À√◊Õ∑‘»∑“ß
¢Õß·¡°π‘‰∑‡´™—π„π™—Èπ«— ¥ÿ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘°
 ”À√—∫§à“ π“¡·≈°‡ª≈’Ë¬π Hiexch ´÷Ëß· ¥ß∂÷ß°“√‡°‘¥Õ—πμ√°‘√‘¬“√–À«à“ß·¡°π‘‰∑‡´™—πÀ√◊Õ
‡°√π·¡à‡À≈Á°∑’Ëæ‘®“√≥“ i ·≈–‡°√π·¡à‡À≈Á°∑’ËÕ¬Ÿà¢â“ß‡§’¬ß°—π (nearest neighbor grains) j ®–∂Ÿ°
æ‘®“√≥“®“°§à“æ“√“¡‘‡μÕ√å∑’Ë· ¥ß∂÷ß§«“¡·√ß¢Õß°“√‡°‘¥Õ—πμ√°‘√‘¬“√–À«à“ß‡°√π∑’ËÕ¬Ÿà¢â“ß‡§’¬ß°—π (exchange
field strength, fij) ´÷Ëß‡ªìπ§à“æ“√“¡‘‡μÕ√å∑’Ë§”π«≥‰¥â®“°‚ª√·°√¡®”≈Õß‚§√ß √â“ß‚«‚√πÕ¬ · ¥ß¥—ß
 ¡°“√∑’Ë (3)
(3)
‡¡◊ËÕ  ·∑π‡«°‡μÕ√åÀπ÷ËßÀπà«¬À√◊Õ∑‘»∑“ß¢Õß·¡°π‘‰∑‡´™—π¢Õß‡°√π¢â“ß‡§’¬ß j „πÕß§åª√–°Õ∫
x y ·≈– z μ“¡≈”¥—∫ ·≈–§à“ π“¡·¡à‡À≈Á°∑’Ë‡°‘¥¢÷Èπ¿“¬„π«— ¥ÿª√–‡¿∑ ÿ¥∑â“¬§◊Õ§à“ π“¡·¡à‡À≈Á°À—°≈â“ß
Hdip ´÷Ëß‡ªìπ°“√æ‘®“√≥“°“√≈¥∑Õπª√‘¡“≥ π“¡·¡à‡À≈Á°¿“¬„πμ—««— ¥ÿ‡Õß “¡“√∂æ‘®“√≥“‰¥â¥—ßπ’È
(4)
‡¡◊ËÕ  §◊Õ ‡«°‡μÕ√åÀπ÷ËßÀπà«¬ ÷´Ëß· ¥ß∑‘»∑“ß¢Õß‡°√π¢â“ß‡§’¬ß·≈–  §◊Õ ‡«°‡μÕ√åÀπ÷ËßÀπà«¬ ÷´Ëß
· ¥ß∂÷ß∑‘»∑“ß√–À«à“ß‡°√π∑’Ëæ‘®“√≥“ i ·≈–‡°√π¢â“ß‡§’¬ß∑’ËÕ¬Ÿàμ‘¥°—π j  ”À√—∫ª√‘¡“≥ π“¡·¡à‡À≈Á°¿“¬πÕ°
Happ ∑’Ë àßº≈μàÕ ¿“æ§«“¡‡ªìπ·¡à‡À≈Á°¢Õß«— ¥ÿ·¡à‡À≈Á°  “¡“√∂π‘¬“¡‰¥â¥—ß ¡°“√∑’Ë (5)
(5)
‡¡◊ËÕ  §◊Õ ‡«°‡μÕ√åÀπ÷ËßÀπà«¬∑’Ë· ¥ß∂÷ß∑‘»∑“ß°“√ªÑÕπ π“¡·¡à‡À≈Á°¥â«¬¢π“¥ H ‡¢â“ Ÿà‚§√ß √â“ß«— ¥ÿ
·¡à‡À≈Á° ·≈– π“¡·¡à‡À≈Á°¿“¬πÕ°™π‘¥ ÿ¥∑â“¬§◊Õ π“¡§«“¡√âÕπ∑’Ë‡°‘¥¢÷Èπ‡π◊ËÕß®“°Õÿ≥À¿Ÿ¡‘¿“¬πÕ°∑’Ë
‡ªìπªí®®—¬∑’Ë ”§—≠´÷Ëß àßº≈μàÕ°√–∫«π°“√º—π°≈—∫∑‘»∑“ß¢Õß·¡°π‘‰∑‡´™—π¢Õß«— ¥ÿ·¡à‡À≈Á°‡øÕ√å‚√·¡°
‡πμ‘°´÷Ëß “¡“√∂§”π«≥‰¥â®“°  [19] ‡¡◊ËÕ σ ·∑π à«π‡∫’Ë¬ß‡∫π¡“μ√∞“π¡’§à“‡∑à“°—∫




‡ª≈’Ë¬π√–À«à“ß™—Èπ«— ¥ÿ·¡à‡À≈Á°∑—Èß Õß™π‘¥ (interlayer exchange energy) [13] ‡æ◊ËÕπ”¡“„™â„π°“√®”≈Õß
ª√“°Ø°“√≥å‰∫Õ— ·≈°‡ª≈’Ë¬π‚¥¬∑’Ëæ≈—ßß“πªØ‘ —¡æ—π∏å°“√·≈°‡ª≈’Ë¬π√–À«à“ß™—Èπ · ¥ß¥—ß ¡°“√∑’Ë (6)
(6)
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‡¡◊ËÕ Js §◊Õ §à“§ß∑’Ë°“√·≈°‡ª≈’Ë¬πªØ‘ —¡æ—π∏å (interfacial exchange constant) c §◊Õ Õ—μ√“ à«π¢Õß°“√




‡øÕ√å‚√·¡°‡πμ‘°  ¥—ßπ—Èπ§à“ π“¡·≈°‡ª≈’Ë¬π√–À«à“ß™—Èπ«— ¥ÿ HFM-AFM ®÷ß¡’§à“¥—ß ¡°“√∑’Ë (7)
(7)
‡¡◊ËÕ Hint = Jsc/Mst · ¥ß∂÷ß¢π“¥§«“¡·√ß π“¡·≈°‡ª≈’Ë¬π√–À«à“ß™—Èπ«— ¥ÿ (interlayer exchange










‡¡◊ËÕ M §◊Õ‡«°‡μÕ√åÀπ÷ËßÀπà«¬¢Õß·¡°π‘‰∑‡´™—π„π™—Èπ«— ¥ÿ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘° γ §◊Õ §à“ —¡∫Ÿ√≥å
Õ—μ√“ à«π‰®‚√ (absolute gyromagnetic ratio) ·≈– α §◊Õ §à“§ß∑’Ë¢Õß°“√Àπà«ß (damping constant)
 ¡°“√∑’Ë (9) ‡ªìπ°“√æ‘®“√≥“°“√‡§≈◊ËÕπ∑’Ë¢Õß·¡°π‘‰∑‡´™—π∑’Ë‡«≈“μà“ßÊ ´÷Ëß°”Àπ¥„Àâ™à«ß‡«≈“∑’Ë





≈—°…≥–°“√‡ª≈’Ë¬π·ª≈ß∑‘»∑“ß¢Õß·¡°π‘‰∑‡´™—π∑—Èß Õß√Ÿª·∫∫· ¥ß¥—ß√Ÿª∑’Ë 1(°) ·≈– 1(¢) μ“¡≈”¥—∫
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(°)  (¢)
√Ÿª∑’Ë 1 °“√‡§≈◊ËÕπ∑’Ë¢Õß·¡°π‘‰∑‡´™—π‡π◊ËÕß®“°·√ß∫‘¥¢Õß π“¡·¡à‡À≈Á°ª√– ‘∑∏‘º≈·∫àßÕÕ°‡ªìπ (°) °“√
















®–∂Ÿ°æ‘®“√≥“„ÀâÕ¬Ÿà„πμ”·Àπàß‡¥’¬«°—π¡’≈—°…≥–‡ªìπ·∑àß‡°√π (columnar stack) πÕ°®“°π’È ‚ª√·°√¡
‚«‚√πÕ¬¬—ß “¡“√∂°”Àπ¥≈—°…≥–°“√°√–®“¬μ—«¢Õß‡°√π‡æ◊ËÕ„Àâ¡’§«“¡‡ ¡◊Õπ®√‘ß°—∫≈—°…≥–‚§√ß √â“ß
¢Õß°“√ª≈Ÿ°øî≈å¡¢Õß«— ¥ÿ·¡à‡À≈Á° ‚¥¬ “¡“√∂Õ∏‘∫“¬‰¥â®“°øíß°å™—π°“√°√–®“¬μ—«·∫∫ª°μ‘≈ÁÕ° (log
normal distribution) [20] ≈—°…≥–°“√°√–®“¬μ—«¢Õß¢π“¥¢Õß‡°√π®–∂Ÿ°§«∫§ÿ¡¥â«¬§à“ à«π‡∫’Ë¬ß‡∫π
¡“μ√∞“π (standard deviation, σInD) ‚¥¬¢π“¥¢Õß‡°√π·¡à‡À≈Á°∑’Ë∂Ÿ° √â“ß¢÷Èπ®–∂Ÿ°· ¥ßÕ¬Ÿà„π√Ÿª¢Õß§à“
°≈“ß (median) ¢Õß‡°√π´÷Ëß∑”„Àâ “¡“√∂°”Àπ¥¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß¢Õß‡°√π∑’Ë®”≈Õß¢÷Èπ‰¥âμ“¡μâÕß°“√
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„π≈”¥—∫·√°®–· ¥ß≈—°…≥–‚§√ß √â“ß·∫∫ Õß¡‘μ‘∑’Ë “¡“√∂§«∫§ÿ¡¢π“¥¢Õß‡°√π·≈–°“√
°√–®“¬μ—«¢Õß‡°√π∑’Ë¡’§«“¡‡ ¡◊Õπ®√‘ß®“°‚ª√·°√¡‚«‚√πÕ¬ ‡æ◊ËÕπ”‰ª Ÿà°“√°”Àπ¥‚§√ß √â“ß‡æ◊ËÕ„™â„π
°“√§”π«≥§à“ π“¡‰∫Õ— ·≈°‡ª≈’Ë¬πμàÕ‰ª ‚¥¬®–∑”°“√°”Àπ¥§à“°≈“ß¡’§à“‡∑à“°—∫ 1 ·≈–· ¥ßº≈¢Õß
°“√°√–®“¬μ—«¢Õß‚§√ß √â“ß∑’Ë·μ°μà“ß°—πºà“π°“√°”Àπ¥§à“ à«π‡∫’Ë¬ß‡∫π¡“μ√∞“π σInD ¡’§à“‡∑à“°—∫ 0.1 0.3
·≈– 0.5 μ“¡≈”¥—∫ √Ÿª∑’Ë 2 · ¥ß≈—°…≥–‚§√ß √â“ß Õß¡‘μ‘∑’Ë¡’º≈¢Õß°“√°√–®“¬¢Õß‡°√π∑’Ë·μ°μà“ß°—π
 ”À√—∫°√≥’∑’Ë σInD = 0.1 · ¥ß¥—ß√Ÿª∑’Ë 2(°) æ∫«à“‡°√π∑ÿ°‡°√π¿“¬„π√–∫∫®–¡’¢π“¥‡ ¡◊Õπ (uniform
grains) ∑”„Àâ·π«‚πâ¡°“√°√–®“¬μ—«§àÕπ¢â“ß·§∫·≈–¡’‡ âπ°√“ø°“√°√–®“¬μ—«μ“¡≈—°…≥–¢Õßøíß°å™—π
°“√°√–®“¬μ—«·∫∫‡°“ å‡´’¬π (Gaussian distribution function) ·μà‡¡◊ËÕ à«π‡∫’Ë¬ß‡∫π¡“μ√∞“π¡’§à“‡æ‘Ë¡
 Ÿß¢÷Èπ‡∑à“°—∫ σInD = 0.3 · ¥ß¥—ß√Ÿª∑’Ë 2(¢) ®–‡ÀÁπ‰¥â«à“≈—°…≥–¢Õß‡°√π„π√–∫∫∑’Ë∂Ÿ°ÕÕ°·∫∫®–¡’§«“¡
∫‘¥‡∫’È¬«·≈–¢“¥§«“¡‡ ¡◊Õπ àßº≈∑”„Àâ¢π“¥¢Õß‡°√π¿“¬„π√–∫∫¡’§à“·μ°μà“ß°—π (non-uniform grains)
·≈–„π≈”¥—∫ ÿ¥∑â“¬‡¡◊ËÕ∑”°“√°”Àπ¥„Àâ σInD = 0.5 ®–æ∫«à“¢π“¥¢Õß‡°√π®–¡’§à“·μ°μà“ß°—πÕ¬à“ß™—¥‡®π




·μ°μà“ß°—π (°) σInD = 0.1 (¢) σInD = 0.3 ·≈– (§) σInD = 0.5 μ“¡≈”¥—∫ [18]
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®“°°“√®”≈Õß‚§√ß √â“ß¢Õß‡°√π·¡à‡À≈Á°‚¥¬Õ“»—¬‚ª√·°√¡‚«‚√πÕ¬∑”„Àâ “¡“√∂§«∫§ÿ¡
°“√°√–®“¬μ—«¢Õß¢π“¥¢Õß‡°√π‰¥âπ—Èπ ®”‡ªìπ®–μâÕßπ”º≈∑’Ë‰¥â‰ª‡ª√’¬∫‡∑’¬∫°—∫º≈°“√∑¥≈Õß«—¥
¢π“¥¢Õß‡°√π·¡à‡À≈Á°„π‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á° ¥—ß∑’Ë‰¥âÕ∏‘∫“¬‰«â„πß“π«‘®—¬¢Õß ®ÿ√’¡“»·≈–§≥– [21]
‚¥¬æ∫«à“¢π“¥°“√°√–®“¬μ—«∑’Ë‡À¡“– ¡ ”À√—∫‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°®–¡’§à“°“√°√–®“¬μ—«∑’Ë¡’°“√














„πß“π«‘®—¬π’È‰¥â‡≈◊Õ°„™â«— ¥ÿ·¡à‡À≈Á°‚§∫Õ≈μå‰Õ√Õπ (Cobalt Iron, CoFe) ·≈–Õ‘√‘‡¥’¬¡·¡ß°“π’ 
(Iridium Manganese, IrMn) ´÷Ëß¡’§ÿ≥ ¡∫—μ‘‡ªìπ«— ¥ÿ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘°·≈–«— ¥ÿ·¡à‡À≈Á°·Õπμ‘
‡øÕ√å‚√·¡°‡πμ‘° μ“¡≈”¥—∫ ´÷Ëß‡ªìπ«— ¥ÿ∑’Ë∂Ÿ°„™â®√‘ß„πÀ—«Õà“π¢âÕ¡Ÿ≈ ‚¥¬√–∫∫‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á° Õß
™—Èπ∑’Ë∂Ÿ°„™â„π°“√»÷°…“π’È®–ª√–°Õ∫‰ª¥â«¬‡°√π¿“¬„π√–∫∫®”π«π 200 ‡°√π ´÷Ëß·μà≈–‡°√π∂Ÿ°°”Àπ¥„Àâ
¡’¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß¢Õß‡°√π‡©≈’Ë¬‡∑à“°—∫ 8 π“‚π‡¡μ√ ‡°√π¿“¬„π√–∫∫∑’Ë∂Ÿ°°”Àπ¥¢÷Èππ’È®–¡’
≈—°…≥–°“√°√–®“¬μ—« ÷´Ëß¡’§à“ à«π‡∫’Ë¬ß‡∫π¡“μ√∞“π‡∑à“°—∫ 0.2 [21-22] ‚¥¬∑’Ë§«“¡Àπ“¢Õß™—Èπ«— ¥ÿ·¡à‡À≈Á°
CoFe/IrMn ¡’§à“‡∑à“°—∫ 10 π“‚π‡¡μ√ ‡¡◊ËÕ§à“æ“√“¡‘‡μÕ√å∑“ß·¡à‡À≈Á°¢Õß«— ¥ÿ·¡à‡À≈Á°∑—Èß Õß™π‘¥∂Ÿ°
°”Àπ¥¥—ßπ’È «— ¥ÿ·¡à‡À≈Á° CoFe ¡’§à“Õÿ≥À¿Ÿ¡‘«‘°ƒμÀ√◊ÕÕÿ≥À¿Ÿ¡‘§Ÿ√’ (Curie temperature, Tc) 1300
‡§≈«‘π §à“·¡°π’‰∑‡´™—πÕ‘Ë¡μ—« Ms = 1800 ‡Õ‘√å°μàÕ≈Ÿ°∫“»°å‡´πμ‘‡¡μ√ (emu/cc) ·≈–§à“§ß∑’Ë·Õπ‰Õ‚´-
‚∑√ªï KCoFe = 1.8 Ó 105 ‡Õ‘√å°μàÕ≈Ÿ°∫“»°å‡´πμ‘‡¡μ√  ”À√—∫«— ¥ÿ·¡à‡À≈Á° IrMn ®–¡’§à“Õÿ≥À¿Ÿ¡‘«‘°ƒμ
À√◊ÕÕÿ≥À¿Ÿ¡‘π’≈ (Neel temperature) TN = 690 ‡§≈«‘π [11, 23] ·≈–§à“§ß∑’Ë·Õπ‰Õ‚´‚∑√ªï KIrMn =
5.56 Ó 106 ‡Õ‘√å°μàÕ≈Ÿ°∫“»°å‡´πμ‘‡¡μ√ [23] „π°“√»÷°…“‡∫◊ÈÕßμâπ®–∑”°“√°”Àπ¥°“√°√–®“¬∑‘»·°π
ßà“¬¢Õß·¡°π‘‰∑‡´™—π„π√Ÿª·∫∫∑’Ë‰¡à¡’°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬∫√‘‡«≥√Õ¬μàÕ · ¥ß¥—ß√Ÿª∑’Ë 3 ‚¥¬®–
‡ÀÁπ‰¥â«à“·¡°π‘‰∑‡´™—π„π‚§√ß √â“ß«— ¥ÿ‡À≈Á°∑—Èß Õß™—Èπ®–¡’°“√®—¥‡√’¬ßμ—«‰ªμ“¡∑‘»·°πßà“¬Õ¬à“ß ¡∫Ÿ√≥å
μ“¡·π«·°π +y ‚¥¬√–∫∫®–∂Ÿ°„™âæ‘®“√≥“§à“√–¬–‡«≈“„π°“√§”π«≥æ≈«—μ¢Õß·¡°π‘‰∑‡´™—π Õ‘∑∏‘æ≈
‡π◊ËÕß®“°ªí®®—¬¢Õß°“√≈¥¢π“¥¢Õß‚§√ß √â“ß ·≈–Õ—πμ√°‘√‘¬“√–À«à“ß™—Èπ·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘°·≈–
·Õπμ‘‡øÕ√å‚√·¡°‡πμ‘° „π≈”¥—∫∂—¥‰ª
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√Ÿª∑’Ë 3 · ¥ß≈—°…≥–°“√®—¥‡√’¬ßμ—«¢Õß·¡°π‘‰∑‡´™—π∑’Ë™—Èπº‘«√Õ¬μàÕ‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á° 2 ™—Èπ
1. º≈¢Õß°“√°”Àπ¥√–¬–‡«≈“„π°“√§”π«≥æ≈«—μ¢Õß·¡°π‘‰∑‡´™—π
°“√æ‘®“√≥“§ÿ≥ ¡∫—μ‘æ◊Èπ∞“π¢Õß«— ¥ÿ·¡à‡À≈Á°¿“¬„π√–∫∫‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°®–∂Ÿ°
· ¥ßÕ¬Ÿà„π√Ÿª¢Õß«ßªî¥Œ‘ ‡∑Õ√’´ ’  (hysteresis loop) ‚¥¬ªí®®—¬∑’Ë ”§—≠ ”À√—∫°“√»÷°…“ ¡∫—μ‘∑“ß·¡à‡À≈Á°
§◊Õ ª√‘¡“≥ π“¡‡§Õ‡ÕÕ√å´‘«‘μ’ (coercivity field, HC) ÷´Ëß‚¥¬∑—Ë«‰ª æ∫«à“ªí®®—¬∑’Ë àßº≈Õ¬à“ß¡“°μàÕ§à“
 π“¡À¡ÿπ°≈—∫§◊Õ √–¬–‡«≈“‡©≈’Ë¬„π°“√æ‘®“√≥“º≈√«¡¢Õß·¡°π‘‰∑‡´™—π„π√–∫∫ ”À√—∫°“√«—¥«ßªî¥
Œ‘ ‡∑Õ√’´’  1 √Õ∫ ¥—ßπ—Èπ °“√»÷°…“º≈°√–∑∫¢Õß√–¬–‡«≈“‡©≈’Ë¬„π°“√«—¥«ßªî¥Œ‘ ‡∑Õ√’´’  ”À√—∫√–∫∫
‚§√ß«— ¥ÿ Õß™—Èπ∑’Ë‰¡à‰¥â§‘¥º≈¢Õß°“√·≈°‡ª≈’Ë¬πÕ—πμ√°‘√‘¬“√–À«à“ß™—Èπ«— ¥ÿ∑’ËÕÿ≥À¿Ÿ¡‘ 0 ‡§≈«‘π ®–∂Ÿ°
æ‘®“√≥“„π≈”¥—∫·√° ‡æ◊ËÕæ‘®“√≥“À“™à«ß‡«≈“∑’Ë‡À¡“– ¡∑’Ë ÿ¥ ”À√—∫°“√»÷°…“ª√“°Ø°“√≥å‰∫Õ— ·≈°‡ª≈’Ë¬π
‚¥¬®–æ‘®“√≥“√–¬–‡«≈“∑’Ë·μ°μà“ß°—π´÷Ëß¡’§à“‡∑à“°—∫ 1 Ó 10-9, 2 Ó 10-9, 5 Ó 10-9 ·≈– 10 Ó 10-9 «‘π“∑’
·≈–°”Àπ¥„Àâ¢π“¥¢Õß π“¡·¡à‡À≈Á°¿“¬πÕ° Ÿß ÿ¥∑’Ë∂Ÿ°ªÑÕπ‡¢â“ Ÿà√–∫∫μ“¡∑‘»·°πßà“¬¡’§à“‡∑à“°—∫
10 Ó 103 ‡ÕÕ√å ‡μ¥ ·≈–¡’§à“‡ª≈’Ë¬π·ª≈ß§√—Èß≈– 100 ‡ÕÕ√å ‡μ¥ · ¥ß¥—ß√Ÿª∑’Ë 4(°)
®“°º≈°“√§”π«≥æ∫«à“‡¡◊ËÕ∑”°“√‡æ‘Ë¡√–¬–‡«≈“‡©≈’Ë¬„π°“√§”π«≥«ßªî¥Œ‘ ‡∑Õ√’´’ ¡’º≈
∑”„Àâ§«“¡°«â“ß¢Õß«ßªî¥Œ‘ ‡∑Õ√’´’ ≈¥≈ßÕ¬à“ß‡ÀÁπ‰¥â™—¥ ‡¡◊ËÕ‡ª√’¬∫‡∑’¬∫¢π“¥¢Õß«ßªî¥Œ‘ ‡∑Õ√’´’ „π
°√≥’∑’Ë„™â√–¬–‡«≈“‡©≈’Ë¬„π°“√§”π«≥‡∑à“°—∫ 1 Ó 10-9 ·≈– 10 Ó 10-9 «‘π“∑’ · ¥ß¥—ß√Ÿª∑’Ë 4(°) ·≈–
‡¡◊ËÕ∑”°“√«—¥§à“ π“¡‡§Õ‡ÕÕ√å´‘«‘μ’®“°«ßªî¥Œ‘ ‡∑Õ√’´’ ∑’Ë√–¬–‡«≈“‡©≈’Ë¬μà“ßÊ „π√Ÿª∑’Ë 4(¢) æ∫«à“
ª√‘¡“≥ π“¡‡§Õ‡ÕÕ√å´‘«‘μ’®–¡’§à“≈¥≈ßÕ¬à“ß√«¥‡√Á«„π™à«ß√–¬–‡«≈“μ—Èß·μà 1 Ó 10-9 ∂÷ß 5 Ó 10-9 «‘π“∑’
·≈–¡’§à“≈¥≈ß∂÷ß 20% ∑’Ë‡«≈“‡∑à“°—∫ 10 Ó 10-9 «‘π“∑’  Õ¥§≈âÕß°—∫º≈°“√§”π«≥¢Õß ®ÿ√’¡“»·≈–§≥–
[24] ‚¥¬ “‡Àμÿ°“√≈¥≈ß¢Õß§à“ π“¡‡§Õ‡ÕÕ√å´‘«‘μ’‡ªìπº≈‡π◊ËÕß¡“®“°°“√μÕ∫ πÕß¢Õß·¡°π‘‰∑‡´™—π
μàÕº≈¢Õß π“¡·¡à‡À≈Á°ª√– ‘∑∏‘º≈∑’Ë‡°‘¥¢÷Èπ¿“¬„π√–∫∫®–¡’§à“¢÷ÈπÕ¬Ÿà°—∫√–¬–‡«≈“„π°“√«—¥ ´÷Ëß‡ªìπμ—«
°”Àπ¥°“√º—π°≈—∫∑‘»∑“ß¢Õß·¡°π‘‰∑‡´™—π¿“¬„π√–∫∫„Àâ‡¢â“ Ÿà ¿“«– ¡¥ÿ≈ (equilibrium state) π—Èπ‡Õß
Õ¬à“ß‰√°Áμ“¡ √–¬–‡«≈“‡©≈’Ë¬∑’Ë„™â„π°“√«—¥«ßªî¥Œ‘ ‡∑Õ√’´’ ®– àßº≈μàÕ√–¬–‡«≈“„π°“√§”π«≥¢Õß·∫∫
®”≈Õß¥â«¬ ÷´Ëß®–‡ÀÁπ‰¥â«à“„π°√≥’∑’Ë√–¬–‡«≈“‡©≈’Ë¬¡’§à“‡∑à“°—∫ 5 Ó 10-9 «‘π“∑’  “¡“√∂∑”„Àâ·¡°π‘‰∑‡´™—π
„π√–∫∫‡¢â“ Ÿà ¿“«– ¡¥ÿ≈‰¥â‡™àπ‡¥’¬«°—π ¥—ßπ—Èπ„πß“π«‘®—¬π’È®–‰¥â°”Àπ¥√–¬–‡«≈“‡©≈’Ë¬„π°“√§”π«≥«ß
ªî¥Œ‘ ‡∑Õ√’´’ „Àâ¡’§à“‡∑à“°—∫ 5 Ó 10-9 «‘π“∑’ ‡æ◊ËÕ„Àâ¡’§«“¡ Õ¥§≈âÕß°—∫°“√∑¥≈Õß·≈–≈¥√–¬–‡«≈“„π
°“√§”π«≥¢Õß·∫∫®”≈Õßπ—Èπ‡Õß
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‡ª≈’Ë¬π√–À«à“ß™—Èπ Hint = 500 ‡ÕÕ ‡μ¥ (Oersted, Oe) ·≈–º≈°√–∑∫¢Õß¢π“¥¢Õß‡°√π‡©≈’Ë¬μàÕ°“√
‡ª≈’Ë¬π·ª≈ß¢π“¥¢Õß«ßªî¥Œ‘ ‡∑Õ√’´’ ®–∂Ÿ°æ‘®“√≥“∑’Ë™à«ßÕÿ≥À¿Ÿ¡‘ÀâÕß 300 ‡§≈«‘π ·≈–¢π“¥¢Õß‡°√π
‡©≈’Ë¬¡’§à“μ—Èß·μà 4 π“‚π‡¡μ√∂÷ß 12 π“‚π‡¡μ√ ‚¥¬¡’§à“‡æ‘Ë¡¢÷Èπ§√—Èß≈– 2 π“‚π‡¡μ√
√Ÿª∑’Ë 5(°) · ¥ß≈—°…≥–≈Ÿª«ßªî¥Œ’ ‡∑Õ√’´’ ¢Õß‚§√ß √â“ß∑’Ë¡’º≈¢Õß§à“¢π“¥¢Õß‡°√π∑’Ë
·μ°μà“ß°—π‚¥¬æ∫«à“≈Ÿª«ßªî¥Œ‘ ‡∑Õ√’´’ ¢Õß∑ÿ°√–∫∫¡’°“√‡§≈◊ËÕπ∑’ËÕÕ°®“°·°π ¡¡“μ√‰ª¥â“π â´“¬¡◊Õ
μ“¡·π«·°π π“¡·¡à‡À≈Á°¿“¬πÕ°  “‡Àμÿ‡π◊ËÕß®“°º≈¢Õßª√“°Ø°“√≥å‰∫Õ— ·≈°‡ª≈’Ë¬π πÕ°®“°π’È ®–
 —ß‡°μ‰¥â«à“º≈°√–∑∫¢Õß¢π“¥¢Õß‡°√π®–¡’º≈∑”„Àâ√Ÿª√à“ß¢Õß«ßªî¥Œ‘ ‡∑Õ√’´’ ∑’Ë·μ°μà“ß°—π·≈–√–¬–∑’Ë
‡≈◊ËÕπÕÕ°‰ª®“°·°π ¡¡“μ√‚¥¬‡°√π∑’Ë¡’¢π“¥‡≈Á° 4 π“‚π‡¡μ√ ®–¡’°“√‡≈◊ËÕπÕÕ°®“°·°π ¡¡“μ√πâÕ¬
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¢Õß≈Ÿª«ßªî¥Œ’ ‡∑Õ√’´’   “¡“√∂§”π«≥‰¥â®“° HEB = (H- + H+)/2 [7] ‡¡◊ËÕ H- ·≈– H+ §◊Õ §à“‡§Õ‡ÕÕ√å
´‘«‘μ’∑’Ë«—¥∑“ß¥â“π â´“¬·≈–¢«“¢Õß≈Ÿª«ßªî¥Œ’ ‡∑Õ√’´’  μ“¡≈”¥—∫
√Ÿª∑’Ë 5 (°) ≈—°…≥–¢Õß«ßªî¥Œ‘ ‡∑Õ√’´’ ¢Õß‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°‡¡◊ËÕ¡’°“√‡ª≈’Ë¬π·ª≈ß¢π“¥¢Õß
‡°√π‡©≈’Ë¬¡’§à“μ—Èß·μà 4 π“‚π‡¡μ√∂÷ß 10 π“‚π‡¡μ√·≈– (¢) §à“ π“¡‰∫Õ— ·≈°‡ª≈’Ë¬π∑’Ë¢π“¥
¢Õß§à“ Dm ¡’§à“·μ°μà“ß°—π
√Ÿª∑’Ë 5 (¢) · ¥ß§à“ π“¡‰∫Õ— ·≈°‡ª≈’Ë¬π HEB μàÕ°“√‡ª≈’Ë¬π·ª≈ß¢Õß¢π“¥‡ âπºà“π





‡π◊ËÕß®“°Õ—πμ√°‘√‘¬“¢Õß™—Èπ·¡à‡À≈Á°·Õπμ‘‡øÕ√å‚√·¡°‡πμ‘°¡’§à“·ª√º—πμ“¡ EAF ∝ KAF VAF ‡¡◊ËÕ KAF
·∑π §à“§ß∑’Ë‡Õπ‰Õ‚´‚∑√ªï¢Õß«— ¥ÿ·¡à‡À≈Á°·Õπμ‘‡øÕ√å·¡°‡πμ‘° ·≈– VAF §◊Õª√‘¡“μ√¢Õß‡°√π·¡à‡À≈Á°




















„π°“√»÷°…“∑—Èß 2 ™—Èπ μ“¡√“¬≈–‡Õ’¬¥„πÀ—«¢âÕ∑’Ëºà“π¡“ ‚¥¬∑”°“√»÷°…“º≈‡π◊ËÕß®“°ª√‘¡“≥ π“¡·≈°
‡ª≈’Ë¬π√–À«à“ß™—Èπ·¡à‡À≈Á°∑—Èß Õß ÷´Ëß®–∑”°“√°”Àπ¥§«“¡·√ß¢Õß Hint ¡’§à“μ—Èß·μà 0, 250, 760 ·≈– 1000
‡ÕÕ√å ‡μ¥
√Ÿª∑’Ë 6 (°) ≈—°…≥–¢Õß«ßªî¥Œ‘ ‡∑Õ√’´’ ¢Õß‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°‡¡◊ËÕ¡’°“√‡ª≈’Ë¬π·ª≈ß§à“ π“¡·≈°
‡ª≈’Ë¬π√–À«à“ß™—Èπ·≈– (¢) ¢π“¥¢Õß§à“ HEB ∑’Ë “¡“√∂§”π«≥‰¥â®“°«ßªî¥Œ‘ ‡∑Õ√’´’ „π°√≥’∑’Ë
¡’°“√‡ª≈’Ë¬π·ª≈ß§à“ Hint
„π°“√»÷°…“π’È‰¥â∑”°“√«—¥«ßªî¥Œ‘ ‡∑Õ√’´’ „π°√≥’∑’Ë§à“ Hint ¡’§à“·μ°μà“ß°—πμ—Èß·μà 0-1000
‡ÕÕ√å ‡μ¥ ‡æ◊ËÕ§”π«≥À“§à“ HEB ∑’Ë‡À¡“– ¡·≈– “¡“√∂‡ª√’¬∫‡∑’¬∫°—∫º≈°“√∑¥≈Õß«—¥¢π“¥¢Õß§à“ HEB
‰¥â®√‘ß · ¥ß¥—ß√Ÿª∑’Ë 6 (°) ÷´Ëß®–‡ÀÁπ‰¥â«à“ «ßªî¥Œ‘ ‡∑Õ√’´’ ®–¡’§«“¡ ¡¡“μ√·≈–‰¡à¡’°“√‡§≈◊ËÕπ∑’ËÕÕ°












√Ÿª∑’Ë 6(¢) · ¥ß§«“¡ —¡æ—π∏å√–À«à“ß π“¡‰∫Õ— ·≈°‡ª≈’Ë¬π HEB °—∫ª√‘¡“≥ π“¡·≈°‡ª≈’Ë¬π√–À«à“ß™—Èπ
Hint æ∫«à“§à“ HEB ®–¡’§à“‡ªìπ 0 ‡π◊ËÕß®“°‰¡à‡°‘¥°“√‡≈◊ËÕπ¢Õß≈Ÿª«ßªî¥·≈–‡¡◊ËÕ∑”°“√‡æ‘Ë¡§à“ Hint ®– àß
º≈„Àâ HEB ¡’§à“ Ÿß∂÷ß 1000 ‡ÕÕ√å ‡μ¥ ´÷Ëß Õ¥§≈âÕß°—∫§à“∑“ß∑ƒ…Æ’
4. √–∫∫∑’Ëæ‘®“√≥“º≈°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬
‡æ◊ËÕ§«“¡ ¡∫Ÿ√≥å¢Õß√Ÿª·∫∫®”≈Õß·∫∫·°√πŸ≈“√å„πß“π«‘®—¬π’È‰¥â¡’°“√æ—≤π“√Ÿª·∫∫





·¡°‡πμ‘°¡’°“√®—¥‡√’¬ß∑‘»∑“ß‰ª„π·π«·°π +y ·≈–¡’°“√°√–®“¬μ—«√Õ∫∑‘»·°πßà“¬„π√–π“∫ xy · ¥ß
¥—ß√Ÿª∑’Ë 7 ‡π◊ËÕß®“°Õ—μ√“°“√‡°‘¥ª√“°Ø°“√≥å‰∫Õ— ·≈°‡ª≈’Ë¬π®–¢÷ÈπÕ¬Ÿà°—∫°“√®—¥‡√’¬ß∑‘»∑“ß¢Õß·¡°π‘‰∑-
‡´™—π„π™—Èπ«— ¥ÿ·¡à‡À≈Á°·Õπμ‘‡øÕ√å‚√·¡°‡πμ‘° [15-16, 21]
√Ÿª∑’Ë 7 · ¥ß≈—°…≥–°“√‡°‘¥°“√°√–®“¬μ—«¢Õß·¡°π‘‰∑‡´™—π∑’Ë™—Èπº‘«√Õ¬μàÕ‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á° 2 ™—Èπ
 ”À√—∫°“√æ‘®“√≥“º≈¢Õß°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬¢Õß·¡°π‘‰∑‡´™—π„π™—Èπ«— ¥ÿ·¡à‡À≈Á°
®–∑”°“√æ‘®“√≥“°“√°√–®“¬μ—«μ“¡√Ÿª·∫∫øíß°å™—π°“√°√–®“¬μ—«·∫∫‡°“ å‡´’¬π´÷Ëß “¡“√∂°”Àπ¥¡ÿ¡°“√
°√–®“¬μ—«¢Õß∑‘»·°πßà“¬ σφ ‰¥â¥—ß∑’ËÕ∏‘∫“¬‰«â·≈â«„πÀ—«¢âÕ ·∫∫®”≈Õß∑“ß·¡à‡À≈Á°·∫∫·°√πŸ≈“√å ‚¥¬
√–∫∫®–∑”°“√°”Àπ¥‚§√ß √â“ß·≈–§ÿ≥ ¡∫—μ‘¢Õß«— ¥ÿ·¡à‡À≈Á° CoFe/IrMn μ“¡√“¬≈–‡Õ’¬¥¢â“ßμâπ·≈–
æ‘®“√≥“º≈°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬‚¥¬°”Àπ¥°“√‡ª≈’Ë¬π·ª≈ß§à“ σφ ¡’§à“ 0, 5, 10 ·≈– 30 Õß»“
®“°°“√æ‘®“√≥“º≈¢Õß°“√°√–®“¬¢Õß∑‘»·°πßà“¬μàÕª√“°Ø°“√≥å‰∫Õ— ·≈°‡ª≈’Ë¬π √Ÿª∑’Ë 8(°) ´÷Ëß· ¥ß
≈—°…≥–¢Õß≈Ÿª«ßªî¥Œ’ ‡∑Õ√’´’ μàÕº≈¢Õß°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬æ∫«à“  ”À√—∫°√≥’∑’Ë‰¡à§‘¥º≈¢Õß
°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬≈—°…≥–¢Õß≈Ÿª«ßªî¥¡’°“√‡≈◊ËÕπÕÕ°®“°∑‘»·°πßà“¬¡“°∑’Ë ÿ¥ „π¢≥–∑’Ë‡¡◊ËÕ
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∑”°“√‡æ‘Ë¡§à“ σφ „Àâ¡’§à“ Ÿß¢÷Èπæ∫«à“≈—°…≥–°“√‡≈◊ËÕπ¢Õß≈Ÿª«ßªî¥¡’°“√‡≈◊ËÕπ‡¢â“À“·°π ¡¡“μ√À√◊Õ‰¡à
‡°‘¥°“√‡≈◊ËÕπ¢Õß≈Ÿª«ßªî¥Œ’ ‡∑Õ√’´’  πÕ°®“°π’È “¡“√∂· ¥ßº≈¢Õß§à“ π“¡‰∫Õ— ·≈°‡ª≈’Ë¬π°—∫º≈¢Õß
°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬‰¥â¥—ß√Ÿª∑’Ë 8 (¢) ‚¥¬æ∫«à“§à“ HEB ¡’§à“ Ÿß∑’Ë ÿ¥∑’Ë 450 ‡ÕÕ√å ‡μ¥ „π¢≥–∑’Ë
‡¡◊ËÕ‡æ‘Ë¡§à“°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬‡ªìπ σφ = 30 Õß»“ æ∫«à“§à“ HEB ¡’§à“≈¥≈ß∂÷ß 60% ‡∑’¬∫°—∫
√–∫∫∑’Ë‰¡àæ‘®“√≥“º≈¢Õß°“√°√–®“¬¢Õß∑‘»·°πßà“¬ σφ = 0 Õß»“  “‡Àμÿ°“√≈¥≈ß¢Õß§à“ HEB ‡π◊ËÕß¡“
®“°°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬„π™—Èπ«— ¥ÿ·¡à‡À≈Á°·Õπμ‘‡øÕ√å‚√·¡°‡πμ‘°¡’º≈∑”„Àâº≈√«¡¢Õß·¡°π‘
‰∑‡´™—π (net magnetisation) „π™—Èπ¥—ß°≈à“« ÷´Ëß∑”Àπâ“∑’Ë„π°“√∫—ß§—∫∑‘»∑“ß¢Õß·¡°π‘‰∑‡´™—π„π™—Èπ«— ¥ÿ
·¡à‡À≈Á°‡øÕ√å‚√·¡°‡πμ‘°¡’§à“≈¥≈ßμ“¡‰ª¥â«¬ [15-16] πÕ°®“°π’Èº≈¢Õß°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬
¡’º≈μàÕ°“√≈¥≈ß¢Õßª√‘¡“≥ ‡§Õ‡ÕÕ√å´‘«‘μ’ μ“¡∑ƒ…Æ’ Stoner-Wohlfarth [25] ¥—ßπ—Èπ®÷ß “¡“√∂ √ÿª‰¥â
«à“º≈°“√°√–®“¬μ—«¢Õß∑‘»·°πßà“¬‡ªìπÕ’°Àπ÷Ëßªí®®—¬∑’Ë ”§—≠μàÕ°“√≈¥§à“ π“¡‰∫Õ— ·≈°‡ª≈’Ë¬π‡π◊ËÕß®“°
ª√“°Ø°“√≥å‰∫Õ— ·≈°‡ª≈’Ë¬π„π√–∫∫‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á° Õß™—Èπ·≈–„π‚§√ß √â“ßÀ—«Õà“π¢âÕ¡Ÿ≈
√Ÿª∑’Ë 8 (°) ≈—°…≥–¢Õß«ßªî¥Œ‘ ‡∑Õ√’´’ ¢Õß‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á°„π°√≥’∑’Ë·¡°π‘‰∑‡´™—π„π™—Èπ«— ¥ÿ·¡à
‡À≈Á°·Õπμ‘‡øÕ√å‚√·¡°‡πμ‘°∂Ÿ°°”Àπ¥„Àâ¡’°“√°√–®“¬μ—«μ—Èß·μà 0 Õß»“∂÷ß 30 Õß»“·≈– (¢) §à“
HEB ∑’Ë¡ÿ¡°“√°√–®“¬μ—«¡’§à“μà“ßÊ
















«à“ªí®®—¬∑’Ë∂Ÿ°‡≈◊Õ°¡“æ‘®“√≥“‰¥â·°à √–¬–‡«≈“∑’Ë„™â„π°“√§”π«≥ ¢π“¥¢Õß‡°√π‡©≈’Ë¬·≈–ª√‘¡“≥ Hint ‡ªìπμâπ
≈â«π·≈â«·μà àßº≈°√–∑∫Õ¬à“ß¡“°μàÕ§ÿ≥ ¡∫—μ‘¢Õß‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á° Õß™—Èπ·≈–ª√“°Ø°“√≥å‰∫Õ— 
·≈°‡ª≈’Ë¬π ¥—ßπ—Èπ ®÷ß¡’§«“¡®”‡ªìπÕ¬à“ß¬‘Ëß∑’Ë®–μâÕß§”π÷ß∂÷ßªí®®—¬æ◊Èπ∞“π‡À≈à“π’È ”À√—∫°“√æ‘®“√≥“æ≈«—μ
¢Õß·¡°π‘‰∑‡´™—π„π√–∫∫‚§√ß √â“ß«— ¥ÿ·¡à‡À≈Á° πÕ°®“°π’È ¬—ßæ∫«à“°“√≈¥≈ß¢Õß§à“ HEB „π√–∫∫∑’Ë
æ‘®“√≥“º≈¢Õß°“√°√–®“¬μ—«‡∑à“°—∫ 30 Õß»“¡’§à“¡“°∂÷ß 60% ‡¡◊ËÕ‡∑’¬∫°—∫√–∫∫∑’Ë‰¡àæ‘®“√≥“º≈°“√






SWU Sci. J. Vol. 34 No. 2 (2018)96
‡Õ° “√Õâ“ßÕ‘ß
1. Tham, K. K., Kushibiki, R., Kamada, T., Hinata, S., & Saito, S. (2018). Ru alloy-oxide
buffer layer for intergranular exchange decoupling of CoPt›B2O3 granular media. IEEE
Transactions on Magnetics, 54(2), 1-4.
2. Chen, Y., Song, D., Qiu, J., Kolbo, P., Wang, L., He, Q., Covington, M., Stokes, S.
Sapozhnikov, V. G., Dimitrov, D. V., Gao, K., & Miller, B. (2010). 2 Tbit/in2 reader design
outlook. IEEE Transactions on Magnetics, 46(3), 697-701.
3. Chureemart, J., Chureemart, P., Evans, R., Chantrell, R. W., & OûGrady, K. (2011). Magnetic
orientation in advanced recording media. Journal of Physics D: Applied Physics, 44(45),
455002.
4. Chureemart, J., Lari, L., Nolan, T. P., & OûGrady, K. (2013). The effect of SiO2 content on
activation volumes in exchange coupled composite media. Journal of Applied Physics,
114(8), 083907.
5. Barry, J. R., Vasi ´C  , B., Khatami, M., Bahrami, M., Nakamura, Y., Okamoto, Y., & Kanai,
Y. (2016). Optimization of bit geometry and multi-reader geometry for two-dimensional
magnetic recording. IEEE Transactions on Magnetics, 52(2), 1-7.
6. Meiklejohn, W. H., & Bean, C. P. (1956). New magnetic anisotropy. Physical Review,
102(5), 1413.
7. Kiwi, M. (2001). Exchange bias theory. Journal of Magnetism and Magnetic Materials,
234(3), 584-595.
8. Oûgrady, K., Fernandez-Outon, L. E., & Vallejo-Fernandez, G. (2010). A new paradigm for
exchange bias in polycrystalline thin films. Journal of Magnetism and Magnetic materials,
322(8), 883-899.
9. Néel, L. (1949). Thíorie du Traénage magnétique des ferromagnétiques en grains fins avec
application aux terres cuites. Annales geophysicae, 5, 99-136.
10. Vallejo-Fernandez, G., Fernandez-Outon, L. E., & OûGrady, K. (2008). Antiferromagnetic
grain volume effects in metallic polycrystalline exchange bias systems. Journal of Physics
D: Applied Physics, 41(11), 112001-115507.
11. Vallejo-Fernandez, G., Deakin, T., OûGrady, K., Oh, S., Leng, Q., & Pakala, M. (2010).
Measurement of the antiferromagnet activity in exchange bias systems. Journal of Applied
Physics, 107(9), 09D709.
12. Vallejo-Fernandez, G., Aley, N. P., Fernandez-Outon, L. E. & OûGrady, K. (2008). Control
of the setting process in CoFe/IrMn exchange bias systems. Journal of Applied Physics,
104(3), 033906.
«“√ “√«‘∑¬“»“ μ√å ¡»« ªï∑’Ë 34 ©∫—∫∑’Ë 2 ∏—π«“§¡ (2561) 97
13. Choo, D., Chantrell, R. W., Lamberton, R., Johnston, A., & OûGrady, K. (2007). A model
of the magnetic properties of coupled ferromagnetic/antiferromagnetic bilayers. Journal of
Applied Physics, 101(9), 09E521.
14. Craig, B., Lamberton, R., Johnston, A., Nowak, U., Chantrell, R. W., & OûGrady, K.
(2008). A model of the temperature dependence of exchange bias in coupled ferromagnetic/
antiferromagnetic bilayers. Journal of Applied Physics, 103(7), 07C102.
15. Geshev, J., Nicolodi, S., Pereira, L. G., Schmidt, J. E., Skumryev, V., Suriñach, S., & Baró,
M. D. (2008). Impact of magnetization easy-axis distributions on the ferromagnet-antiferro-
magnet exchange-coupling estimation. Physical Review B, 77(13), 132407.
16. Hu, Y., Wang, X., Jia, N., Liu, Y., & Du, A. (2015). Effect of misaligned unidirectional
and uniaxial anisotropies on angular dependence of exchange bias. Journal of Magnetism
and Magnetic Materials, 374, 388-393.
17. Fernandez-Outon, L. E., Vallejo-Fernandez, G., Manzoor, S., & OûGrady, K. (2006).
Thermal instabilities in exchange biased materials. Journal of Magnetism and Magnetic
Materials, 303(2), 296-301.
18. Chureemart, P., Chureemart, J., & Chantrell, R. W. (2016). Model of advanced recording
media: The angular dependence of the coercivity including the effect of exchange interaction.
Journal of Applied Physics, 119(6), 063903.
19. Brown, W. F. (1963). Thermal fluctuations of a single-domain particle. Physical Review,
130(5),1677.
20. Oûgrady, K., & Bradbury, A. (1983). Particle size analysis in ferrofluids. Journal of
Magnetism and Magnetic Materials, 39(1-2), 91-94.
21. Chureemart, J., Chureemart, P., Pressesky, J., Nolan, T., & OûGrady, K. (2013). Media
design and orientation in perpendicular media. IEEE Transactions on Magnetics, 49(7),
3592-3595.
22. Aley, N. P., Kroeger, R., Lafferty, B., Agnew, J., Lu, Y., & OûGrady, K. (2009). Tuning of
anisotropy in IrMn/CoFe exchange bias systems. IEEE Transactions on Magnetics, 45(10),
3869-3872.
23. Barker, J., Craig, B., Lamberton, R., Johnston, A., Chantrell, R. W., & Heinonen, O.
(2009). A model of the exchange bias setting process in magnetic read sensors. Applied
Physics Letters, 95(2), 022504.
24. Saengmart, O., Daeng-am, W., Chureemart, P., & Chureemart, J. (2017). The effect of
media design in advanced recording media by the atomistic spin dynamics simulation.
Srinakharinwirot Science Journal, 33(2), 86-106. (in Thai)
25. Stoner, E. C., & Wohlfarth E. P. (1948). A mechanism of magnetic hysteresis in heterogeneous
alloys. Philosophical Transactions of the Royal Society of London A, 240, 599›642.

